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Compressive strengthAbstract This paper presents the inﬂuence of temperature on the compressive strength of HSC
with silica fume and containing different ratios and sizes of recycled tire rubber. The aims of includ-
ing elastomeric material in a cementitious matrix are reducing the stiffness of HSC in order to make
it compatible with other materials of the building, recycling of solid wastes and improving ﬁre resis-
tance.
The inclusion of low mass fraction recycled rubber reduces the high risk of explosive spalling of
HSC under high temperature because water vapour can exit through channels where the polymeric
material gets burned.
Two groups of concrete were employed to carry out this study. The ﬁrst group consists of four
mixes produced with a cement content of 500 kg, 0.3 water–binder ratio, gravel as coarse aggregate
and 0%, 10%, 15%, and 20% silica fume (SF) replaced of cement weight. The concrete formulation
of the second group (four mixes) was produced with the replacement of cement by 20% SF along
with 0%, 3%, 5% recycled ﬁne rubber (2 mm) and 3% coarse rubber (5 mm). Dolomite as a coarse
aggregate was used in the second group in order to improve the performance of concrete mixtures
containing rubber under high temperature.
The results obtained show high resistance to ﬁre with increasing SF content up to 20% replace-
ment of cement. Additional improvement was obtained with using dolomite and 3% of recycled
rubber (2 mm, 5 mm).
ª 2015 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center. This is an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).Introduction
Accumulation of hazardous waste materials in vast quantities
such as chemicals, toxic or non-decaying material causes an
increasing threat to the environment. The most important
non-decaying materials that disturb the surrounding environ-
ment are the accumulation of rubber, plastic, glass, rice straw,ncretes
2 M.I. Mousaceramic and demolished concrete. Recycling of these materials
represents a clear model for the proper disposal of waste mate-
rials for better environment [1–5]. However, one of the positive
methods for disposing this non-decaying material is the reuse
in concrete mixes. Recycling techniques are being developed
around the world and many have proven to be effective in pro-
tecting our environment and conserving natural resources
[6–12]. Several studies have been conducted to facilitate the
use of this waste material in concrete. In addition, several
authors have already conﬁrmed the viability of using the vul-
canized rubber ﬁbre into construction materials [13–15].
High strength concrete (HSC) can now be manufactured
and widespread used in building construction because of the
availability of a variety of additives such as silica fume (SF)
and water reducing admixture. HSC is characterized, when
compared with normal strength concrete (NSC), with lower
permeability, higher stiffness, larger durability and allows
smaller size columns to be used in high-rise buildings, which
results in larger usable space in the lower ﬂoors. On the other
hand, some studies have shown that HSC has disadvantages of
higher tendency to spalling explosive when exposed to rapid
heating due to lower permeability and high brittleness that
result in buildup of vapour pressure inside the pores of cement
paste [16,17]. Some solutions have been proposed to reduce the
risk of explosive spalling, such as the inclusion of polypropy-
lene ﬁbres to allow the vapour escape from the concrete matrix
[18,19].
The research conducted on concrete containing recycled
rubber materials after exposure to ﬁre was carried out on spec-
imens either preloaded and tested hot or unloaded and tested
hot or unloaded and tested at room temperature. The most
common property measured by the researchers was the com-
pressive strength and is focused in this study. The literature
suggests a great deal of work is needed in this ﬁeld to under-
stand the real performance in ﬁre of the structures constructed
with such recycled rubberized concrete [20].
The aim of this work was to study the effect of accidental
ﬁre or high temperature (ranging from 22 C to 800 C) on
the compressive strength of different high strength concretes
(HSC with different % of SF). The study is extended to ﬁnd
out if rubberized concrete produced in the sake of recycling
old tires and modiﬁed with silica fume addition to improve
the mechanical properties, can perform adequately under high
temperatures.
Materials and mix proportion
The cement used in the present study was ordinary Portland
cement (CEM I 42.5N) with speciﬁc weight 3.15. The ﬁne
aggregate was natural siliceous sand; with speciﬁc gravity
2.6, volumetric weight of 1.7 t/m3 and ﬁneness modulus of
2.6. Two types of coarse aggregate were employed to carry
out this research, gravel with nominal size of 20 mm (speciﬁc
gravity of 2.66) and crushed dolomite with sizes of approxi-
mately 5–10 mm, and size 10–25 mm (with speciﬁc gravity of
2.6). The considered silica fume (SF) used contains a silica of
95%. The superplasticizer used was the sulphated naphthalene
formaldehyde condensate type. Two sizes of rubber originated
from waste scrap of tires from different types of vehicles were
used: ﬁne (nominal size 2 mm) and coarse (nominal size
4.75 mm). Fig. 1 shows the two sizes of rubber particles.Please cite this article in press as: M.I. Mousa, Eﬀect of elevated temperature on
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and crushed dolomite) and the particle size distribution of the
two size rubber in comparison with the sand aggregate are
shown in Figs. 2 and 3, respectively. Tap water at room tem-
perature was used in all mixes.
In this study two groups of concrete mixtures were used. In
group , silica fume replaced by weight of cement with different
contents (0%, 10%, 15%, 20%) was used. In this group gravel
was used as coarse aggregate. On the other hand, group G, the
rubberized concretes, was made of concrete with 20% SF
(HSC) with the inclusion of rubber waste particles of different
ratios and sizes (3%, 5% ﬁne rubber and 3% coarse rubber).
Crushed dolomite was used as coarse aggregate instead of
gravel in rubberized concretes. The use of 20% SF and crushed
dolomite could recover the mechanical resistance and modify
the behaviour of concrete especially in higher temperature
[4]. The proportions of concrete mixes are given in Table 1:
each mix is identiﬁed with a series of numbers and letters as
speciﬁed in the table.
The rubber particles were pre-treated by soaking in alkaline
solution of NaOH (50% concentration) for 20 min and
ﬁltered, rinsed with water and ﬁnally allowed to dry. This
pre-treatment enhances the strength of the rubberized concrete
through a microscopic increase in the surface texture of the
rubber particles which improves bonding with surrounding
matrix.
Specimens preparation and test procedure
The interior of the mix drum was initially wetted with water to
minimize the absorption of water added as a part of concrete
mixture. The coarse aggregate was placed into the mixer.
With the mixer in movement, the ﬁne aggregate, the recycled
rubber (for the concrete with rubber waste), and cement mixed
with SF were placed and then half of the total water was
added. Finally, the residue water mixed with superplasticizer
then added to the mixture. The mixture was operated for about
3 min and the concrete consistency was measured using slump
test. The mixture was mixed for additional 2 min after slump
test. The superplasticizer dosage used was adjusted to produce
concretes with almost the same slump of 120 ± 10 mm. The
concrete was placed into the moulds and compacted on
mechanical vibrator table. 100 mm cubes, Ø 150 mm · 300 mm
cylinders and 100 · 100 · 500 prisms were used for casting test
specimens. Concrete samples were covered with plastic sheets
to prevent evaporation from the concrete surface. The samples
were kept in the moulds for 24 h, then de-moulded and cured
in water for 28 days.
The compressive strength (fcu) was tested for 100 mm
cubes, the tensile strength (fsp) was determined from splitting
tension tests of 150 mm · 300 mm cylinders and the rupture
strength (fr) was calculated from tests on prisms of
100 mm · 100 mm size · 500 mm. The cubic specimens of
100 mm used in order to study the ﬁre resistance of high per-
formance/strength concretes contained different ratios of SF
and HSC contained SF with inclusion of recycle rubber par-
ticles (0%, 3% and 5% ﬁne rubber, 3% coarse rubber). To
minimize the possibility of explosion, the specimens were left
to dry at room temperature for one day, then oven dried at
105 C until constant weight before exposure to higher
temperature.the properties of silica fume and recycled rubber-ﬁlled high strength concretes
              Fine rubber (~2 mm)                             Coarse rubber (~5 mm) 
Fig. 1 Fine and coarse rubber used in present research study.
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Fig. 2 Sieve analysis of gravel and dolomite aggregates.
Effect of elevated temperature on the properties 3For performing the ﬁre tests, an electric oven with a ther-
mostat which can attain a maximum temperature of 1300 C
and a control switch, was used. The used furnace could achieve
a high heating rate speed that is somewhat similar to actual ﬁre
conditions. The dimensions of the oven hole are of
520 mm · 520 mm · 300 mm, provided with insulator material
and the outer body is stiff steel, to safeguard the user in the
case of concrete specimen explosion. The exposure to higher
temperature is continued for 2 h to 300, 400, 600 and 800 C.
Specimens are cooled to room temperature in the furnace to
the next day and then taken out for compression testing. In
each test the measured value represents the average of three
specimens.0
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Fig. 3 Sieve analysis of sand and rubber.
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Compressive strength with increasing temperature
Effect of silica fume replacement of cement weight
The compressive strength of concretes containing different
ratios of silica fume (group ) after exposure to high tempera-
ture is given in Fig. 4. At temperature 105 C the compressive
strength increased in different rates according to the silica
fume content (SF%). The compressive strength increased
about 22% for concrete with 20% silica fume in comparison
with the corresponding strength of the reference specimens at
room temperature. After 300 C exposure the specimens with
10% SF recorded similar strength of reference concrete (with-
out SF) at room temperature whilst, with 15% and 20% the
strength was more by about 24.4%, 32.7%, respectively.
When the temperature was raised above 300 C the strength
dropped sharply with a reduction of 37% and 53% at
400 C for concrete with 20% SF and the reference concrete
(without SF), respectively, which may be due to crack forma-
tion. Beyond this stage, the reduction in the strength was grad-
ual up to 800 thereby the retained strength increased especially
with the increase of SF% in the concrete mix (Fig. 5). With the
example of concrete containing 20% SF, the retained compres-
sive strength after heating to 300, 400, 600 and 800 C was
101.8%, 57.8%, 43.8% and 32.8%, respectively, compared
to the unheated specimens, Fig. 5, whilst it was 83.7, 46.9,
16.3, and 6.1 for the heated reference concrete.
Effect of coarse aggregate type
The effect of using coarse aggregate of dolomite instead of
gravel on the compressive strength under different degrees of
temperature is shown in Figs. 6 and 7. It can be seen that
the compressive strength is higher for concrete with dolomite
than for concrete with gravel at different degrees of tempera-
ture. At normal temperature, using dolomite increased the
compressive strength by about 19.8% and with increasing
the temperature it recorded higher values in comparison with
gravel. On the other hand, the concrete with gravel exhibited
higher retention in the compressive strength up to 300 C then
the strength dropped sharply under higher temperature up tohe properties of silica fume and recycled rubber-ﬁlled high strength concretes
Table 1 Composition of concretes (kg/m3).
Group Mixes** Cement Silica Fume Water Sp.* Coarse agg. Sand Rubber
Gravel (20 mm) Dolomite Fine (2 mm) Coarse (5 mm)
Size 1 Size 2
MS0-G 500 – 150 10 1260 – – 630 – –
MS10-G 450 50 150 10 1260 – – 630 – –
MS15-G 425 75 150 12.5 1260 – – 630 – –
MS20-G 400 100 150 15 1260 – – 630 – –
G MS20-D-R0 400 100 150 12 – 440 880 440 – –
MS20-D-R3 388 100 150 12 – 440 880 440 12 –
MS20-D-R5 380 100 150 12 – 440 880 440 20 –
MS20-DRC3 388 100 150 12 – 440 880 440 – 12
Mix** code: MX##-Y-P#; Sp.*: Superplasticizer.
MX= concrete mix with silica fume.
## = silica fume ratio of cement weight %.
Y =G for gravel, D for dolomite aggregate.
P = R for ﬁne rubber, RC for coarse rubber.
# = ratio of rubber by weight of cement %.
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Fig. 6 Effect of coarse aggregate type on compressive strength
with increasing temperature.
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Fig. 4 Effect of silica fume % on compressive strength with
increasing temperature.
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Fig. 5 Retained compressive strength % with increasing tem-
perature (different SF %).
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Fig. 7 Retained compressive strength % with increasing tem-
perature (different aggregates).
4 M.I. Mousa800 C producing lower retain in compressive strength, com-
pared to concrete with dolomite where the reduction was
gradual.
Performance of recycled rubber-ﬁlled HSC
Effect on strength properties under normal temperature
The compression test, splitting tensile test, and ﬂexural test
results are summarized in Fig. 8. It can be noted that thePlease cite this article in press as: M.I. Mousa, Eﬀect of elevated temperature on
(RHSC), HBRC Journal (2015), http://dx.doi.org/10.1016/j.hbrcj.2015.03.002compressive strength decreases with the increase of the amount
and size of rubber. The reduction is insigniﬁcant for small mass
fraction of ﬁne rubber (3%) which is about 2.2%, whilst it is
about 8.3% and 28.3% for 3% coarse rubber and 5% ﬁne rub-
ber, respectively. The rubberized HSC concretes (RHSC)
showed a reduction in both the tensile and ﬂexural strength
except concrete with 3% ﬁne rubber recorded a distinctthe properties of silica fume and recycled rubber-ﬁlled high strength concretes
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Fig. 10 Retained compressive strength % with increasing
temperature (different rubber %).
(a) Temperature of 600 °C 
(b) Temperature of 800 °C 
Fig. 11 Specimens with different % of rubber after heating to
600, 800 C.
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Fig. 9 Effect of rubber content % on compressive strength with
increasing temperature.
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Fig. 8 Compressive, rupture and tensile strength of rubber-ﬁlled
HSC at room temperature.
Effect of elevated temperature on the properties 5increase. The variation in strength for concretes with 3% ﬁne
rubber, 3% coarse rubber, and 5% ﬁne rubber was +34.2%,
5.3%, 27.6% in rupture strength and +10.9%, 4.7%,
34.4% in the tensile strength, respectively, in comparison
with HSC without rubber. Concretes containing rubber did
not exhibit brittle failure under compression or splitting ten-
sion compared to HSC without rubber which showed brittle
failure. This observation refers to its ability to absorb large
amount of energy under these loads.
Effect on compressive strength properties under high
temperature
Fig. 9 shows the effect of recycled rubber particles on the com-
pressive strength of HSC with 20% SF when exposed to highPlease cite this article in press as: M.I. Mousa, Eﬀect of elevated temperature on t
(RHSC), HBRC Journal (2015), http://dx.doi.org/10.1016/j.hbrcj.2015.03.002temperature. It can be observed that, with increasing tempera-
ture all concretes (except concrete with coarse rubber particles)
exhibited an increase in the compressive strength at the begin-
ning and up to certain limit followed by a gradual reduction in
different rates. The concrete including 3% of coarse rubber
showed a continuous reduction of strength with a maximumhe properties of silica fume and recycled rubber-ﬁlled high strength concretes
6 M.I. Mousaof about 21.8% at 300 C then a sudden increase at 400 C fol-
lowed by a continuous reduction up to 800 C. The incorpora-
tion of 3% ﬁne rubber particles into concrete improved the ﬁre
resistance, and the increase in compressive strength was about
15.4% and 28.4% at 400 C and 600 C, respectively, com-
pared with control concrete without rubber (MS20-D-R0).
On the other hand, for concrete with 3% coarse rubber
(MS20-DRC3) the improvement started only at 400 C and
up to 800 C with about 12.9% and 40.7%, respectively, com-
pared to control concrete. Inclusion of 5% ﬁne rubber into
HSC reduced markedly the compressive strength with increas-
ing temperature especially up to 300 C.
The retained compressive strength after heating the
specimens to temperature of 105–800 C compared to that
of specimens unheated is illustrated in Fig. 10 for all con-
cretes in group G. By considering the rubberized concretes,
the retained compressive strength was higher compared to
the control concrete of HSC without rubber, in exception
of the concrete that contained coarse rubber up to 300 C
which showed lower values in this stage. This improvement
in retained strength may be due to the escape of water
vapour of the concrete matrix through channels produced
after the rubber particles get burned, which causes higher
pore pressure and creates cracks.
For concrete exposed to 300 C the specimens’ colour does
not change while when the specimens exposed to 400, 600, and
800 C the colours of yellowish, reddish with black areas and
light grey with off white portions were produced, respectively.
The specimens of group G after exposing to 600, and 800 C
are shown in Fig. 11, and the colour change and the burning
of coarse rubber particles are clear. Visible cracks were at
800 C, and the specimen without and with 5% rubber showed
many cracks on the surface.
Weight loss at high temperature degrees
The weight loss increased with increasing temperature of
rubberized ﬁlled HSCs as illustrated in Fig. 12. The signiﬁ-
cant weight loss was started at 400 C and continued to
800 C. The concrete with 3% ﬁne rubber was similar to
the control concrete in weight loss, whilst the concretes with
3% coarse and 5% ﬁne rubber exhibited smaller weight loss
values in comparison with control concrete. The maximum
weight loss was about 7.9% and 8.6% for concrete without
rubber and concrete with 3% ﬁne rubber, respectively, at
800 C.0
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Fig. 12 Effect of rubber % on weight loss % of concrete with
increasing temperature.
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Based on the current experimental investigation the following
conclusions can be drawn:
1. The incorporation of SF with 10%, 15%, and 20% in con-
crete (as a replacement of cement weight) signiﬁcantly
improved the compressive strength even under high temper-
ature up to 800 C. The strength reduction starts from ele-
vating temperature 300C to 800 C with sharp drop in the
range from 300 to 400 which may be due to internal cracks
formation as a result of volume expansion of concrete
matrix. The retained strength at 400 C was 55% in aver-
age for SF concretes and more by about 8% than the con-
crete without SF.
2. After heating inside the furnace to 105, 300, 400, 600, and
800 C, the compressive strength of the specimens with
20% SF (HSC, fcu = 64 MPa) was retained at 121.9%,
101.8%, 57.8%, 43.4%, and 32.8%, respectively, whilst,
the specimens without SF (NSC, fcu = 49 MPa) retained
the strength at 101.1%, 83.7%, 46.9%, 16.3%, and 6.1%,
respectively.
3. The usage of dolomite as a coarse aggregate instead of
gravel in HSC improved the compressive strength by
19.9, 0, 32.3, 78.7, and 19% at 22, 105, 300, 400, 600, and
800 C compared with concrete with gravel. The loss of
compressive strength for concrete with dolomite was grad-
ual with increasing temperature.
4. Rubber-ﬁlled HSC showed a reduction of the compressive
strength with the increase in the amount and size of rubber.
The reduction is insigniﬁcant with 3% (mass fraction) ﬁne
rubber, on contrary the rupture and tensile strength
increased by about 34% and 11%, respectively, at room
temperature, whilst for 3% coarse rubber and 5% ﬁne rub-
ber all the strengths reduced by 8%, 32%, and 5.3%,
27.6%, and 4.7%, 34% in compressive, rupture, and tensile
strength, respectively.
5. The inclusion of recycled rubber particles into HSC with
3% ﬁne rubber improved the compressive strength with
increasing the temperature; however, with 3% coarse rub-
ber the improvement started after exposing to 300 C,
whilst with 5% ﬁne rubber the compressive strength was
lower in comparison with HSC without rubber at all
degrees of temperature. On the other hand, the retained
compressive strength of rubberized concretes with increas-
ing temperature to those specimens without heating was
higher compared to the control concrete, except the con-
crete with 3% coarse rubber where it was lower up to
300 C.
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